Computer-aided diagnosis (CAD) methods are being developed to help radiologists improve the interpretation of mammograms for the detection of breast cancer. We review several laboratory observer performance studies of computer-aided diagnosis of malignant and benign breast lesions. These studies show that CAD can improve radiologists' diagnostic performance by increasing the number of their biopsy recommendations for actual malignant lesions while reducing the number of their biopsy recommendations for suspicious but actually benign lesions, and by reducing the variability in their interpretation of mammograms. These results indicate a potential clinical role of CAD in mammography for the detection of breast cancer.
Introduction
Breast cancer is the most frequently diagnosed cancer in women and the second leading cause of cancer mortality in women (1). Screening mammograms are effective in detecting asymptomatic breast cancers that can be treated effectively. However, mammography faces challenges to increase sensitivity further and to reduce the number of false-positive mammograms (2). Computer-aided diagnosis (CAD) is proposed to help improve radiologists' diagnostic performance in radiology in general and in mammography in particular. In CAD, a radiologist interprets mammograms that are also analyzed by a computer that detects potential breast lesions or differentiates breast lesions as malignant or benign. The radiologist's interpretation of the mammograms and his or her diagnosis are enhanced by the computer analysis of the same mammograms.
CAD consists of two essential components: an automated computer technique that analyzes the mammograms, and the consideration of the computer analysis results rendered by a radiologist that effects the radiologist's diagnostic decision making. Both components are important. A high-performance computer technique is the essence of any CAD method, and the effect of this computer technique on radiologists' diagnostic decision-making is equally important. An analogy may be drawn between CAD and the current image-based practice in diagnostic radiology. The computer analysis is analogous to the high-quality images that must be interpreted by highly skilled radiologists whose interpretation of the diagnostic images determines diagnostic accuracy. CAD can be broadly described as either for the purpose of detection or for the purpose of classification. Computer detection techniques identify potential lesions in mammograms, such as masses and clustered microcalcifications, to help radiologists avoid missing subtle lesions that may be small cancers. Computer classification techniques classify lesions into specific diagnostic cate-gories, such as malignant versus benign, to help radiologists better analyze the lesion once it is detected and decide on an appropriate approach for management. In this report, we focus on computer-aided classification of breast lesions. The purpose of this report is to review the evidence in the literature supporting a potential clinical role of CAD in the diagnosis of malignant and benign breast lesions.
Computer Classification of Breast Lesions
Several computer techniques that classify breast lesions as malignant or benign have been reported in the literature. These techniques use a common general approach that involves the extraction of lesion features from mammograms and an analysis of the lesion features using a statistical classifier. This is loosely modeled after the interpretation process used by the radiologist (3, 4) . Table I lists the image features that we extracted from mammograms of clustered microcalcifications. These image features correlate qualitatively with radiologists' perceptual experience and this correlation serves as a basis for the use of these image features in our computer technique to classify microcalcifications as malignant or benign (5). These image features were analyzed and merged into an estimate of the lesion's likelihood of malignancy in our computer technique with an artificial neural network. Other classifiers such as linear discriminant analysis (LDA) have also been used in other techniques (6, 7).
Evidence of Potential Clinical Benefits
To date, the most direct evaluation of computer-aided diagnosis of malignant and benign breast lesions is made in observer performance studies conducted retrospectively in research laboratories. In these studies, radiologists review a set of mammograms without the computer aid and record their diagnostic performance. They then review a set of mammograms with the computer aid and compare their diag-nostic performance to their unaided performance. These studies simulate the clinical use of CAD and provide evidence of the potential effects of CAD on improving radiologists' diagnostic performance. The results of these studies are more convincing than a comparison of the computer performance alone and the performance of radiologists because this latter comparison does not represent how CAD will be used clinically. We review an observer performance study that we have performed in our laboratory and describe the results of a few other studies.
An Observer Performance Study
We performed an observer study to evaluate the effects of CAD in the diagnosis of malignant and benign clustered microcalcifications (8). Clustered microcalcifications lead to the diagnosis of approximately half of breast cancers. We used 104 cases of mammograms from a consecutive biopsy series of clustered microcalcifications. In 56 cases the microcalcifications corresponded to a malignant lesion and in 68 cases the microcalcifications corresponded to a benign lesion. Five attending radiologists and 5 senior radiology residents, none of whom had read the study cases prior to the study, reviewed the mammograms. The attending radiologists read mammograms in their routine clinical practice for an average of 9 years (median 6, range 1-30 years) and for an average of 30% of their clinical work, and they read at least 1,000 cases of mammograms in the preceding year. The residents had limited experience in mammography from their residency training. Results from the attending radiologists and residents were analyzed separately and those results were combined only when the differences were small. The mammograms interpreted by the radiologists consisted of the original films in the mediolateral oblique and cranialcaudal projections of both breasts and magnification views of the microcalcification cluster in the same projections. The microcalcification cluster was identified on all films by wax pencil marks so that the readers were not asked to detect these lesions. A sophisticated study design, sometimes referred to as a counterbalanced study, was used to minimize potential biases that can arise from radiologists reading the same images twice under the unaided and the computer-aided reading conditions (9, 10). The readers read the entire set of mammograms twice in two reading sessions that were separated by 10-60 days (mean 30, median 35 days). In the first reading session, 5 readers read half of the cases without the computer aid and the other half of the cases with the computer aid. In the second reading session, these readers read the images in the complimentary reading condition. For the other 5 readers, the sequence of the reading conditions was exactly reversed. In the first reading session, these readers read the first half of the cases with the computer aid and the second half of the cases unaided. In the second reading session, they read the images in the complimentary reading condition.
The radiologists reported two assessments after reading each case in each of the two reading sessions. They reported their confidence that the microcalcifications corresponded to a malignant lesion and these confidence data were used to compute ROC curves. They also reported their recommendation for patient management from the choices of (1) surgical biopsy, (2) alternative tissue sampling, (3) short-term follow-up, and (4) routine follow-up. These lesion management recommendation data were used to calculate the sensitivity, specificity, and positive predictive value. The readers were told at the onset of the study that approximately half of the lesions were malignant and they were provided with example images with the computer aid to familiarize them with the use of the computer aid.
Improvement in Diagnostic Accuracy
We analyzed the results of our observer performance study and characterized the radiologists' diagnostic performance with receiver operating characteristic (ROC) analysis and by calculating the sensitivity, specificity, and positive predictive value associated with the radiologists' lesion management recommendations (11, 12) . For the ROC analysis, we used the summary performance indices of area under the ROC curve, A z (13), and a partial area index that is considered to be more clinically relevant, 0.90 A ′ z (14), that represents the area under a portion of the ROC curve with sensitivities above 90%. The ROC analysis and statistical significance test were done with the Dorfman, Berbaum, and Metz (DBM) method (15). Figure 1 shows the ROC curves of the radiologists as a group in the unaided and the computer-aided readings, and of the computer performance alone. A substantial improvement in the radiologists' diagnostic performance is apparent as a result of the use of the computer aid. The A z value increased from 0.61 in the unaided reading to 0.75 in the computeraided reading. This improvement was statistically highly significant (P < 0.0001). The partial area index, 0.90 A ′ z , also increased: from 0.05 in the unaided reading to 0.24 in the computer-aided reading (P < 0.0001, Student's t-test for paired data). Note that the computer performance alone was better even than the computer-aided radiologists. The A z value of the computer performance alone was 0.80. This indicates that although the radiologists achieved substantial improvements in performance, they have not realized the full potential of gains in accuracy that was possible from the use of the computer aid. The ROC curves of the attending radiologists and the residents were similar, and the differences between their average A z values were less than 0.01.
From an analysis of the radiologists' lesion management recommendation data, we found that the average sensitivity of the radiologists increased from 74% in the unaided reading to 87% in the computer-aided reading (P = 0.0006). Simultaneously, their average specificity increased from 32% in the unaided reading to 42% in the computer-aided reading (P = 0.003). These increases in sensitivity and specificity resulted in an increase in the positive predictive value from 46% in the unaided reading to 55% in the computer-aided reading. In terms of the number of patients that a radiologist made the correct diagnosis, use of the computer aid helped each radiologist, on average, to recommend biopsy for 6.4 addition cancer cases and for 6.0 fewer benign lesions.
Reduction of Variability in Mammogram Interpretation
The interpretation of mammograms is influenced by many sources of variations. Radiologists do not always agree with their colleagues in their interpretations of the same mammograms and they do not always agree with themselves in repeated blind interpretations of a single mammogram. Such variability in the mammogram interpretation may be sub-
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Technology in Cancer Research & Treatment, Volume 1, Number 3, June 2002 Figure 1 : Summary ROC curves of ten radiologists' interpretation of 104 cases of mammograms containing clustered microcalcifications with respect to a malignant or benign diagnosis. The A z values are 0.61 for the unaided reading and 0.75 for the CAD reading (P < 0.0001). As a reference, the computer's A z value is 0.80. The operating points represent the biopsy recommendations made by the radiologists in the unaided (L) and the CAD (G) reading conditions. stantial and it lowers the overall effectiveness of mammographic screening for breast cancer (16) (17) (18) . We analyzed the data of our observer performance study to see if CAD had an effect on reducing the variability of mammogram interpretation (19, 20) .
We characterized variability in mammogram interpretation by calculating the agreement and disagreement among the radiologists in their lesion management recommendations, i.e., whether to recommend a biopsy. Agreement was characterized with the kappa statistic (21). Disagreement was characterized with the frequency of substantial disagreement, defined as a situation in which one radiologist recommended biopsy and another radiologist recommended routine follow-up for the same lesion (16). The frequency of substantial disagreement was further calculated in two different ways: in terms of a percentage of the lesions (i.e., patients) in which a substantial disagreement occurred between at least two radiologists who interpreted the patient's mammograms (the per-patient frequency), and in terms of a percentage of all possible recommendation pairs made by any two radiologists who interpreted the same mammogram (the pairwise frequency).
We found that use of the computer aid helped the radiologists to agree more frequently in their lesion management recommendations. The kappa statistic increased from 0.19 (95% CI 0.13 to 0.28) in the unaided reading to 0.41 (95% CI 0.32 to 0.51) in the computeraided reading. This improvement was statistically significant (P < 0.05).
In addition, use of the computer aid also helped the radiologists to reduce the number of substantial disagreements in their lesion management recommendations (Fig. 2) . In the unaided reading and calculating only the lesion management recommendations made by the 5 attending radiologists, the pairwise frequency of substantial disagreement was 7% and the per-patient frequency was 23%. Use of the computer aid reduced these frequencies of substantial disagreement among the attending radiologists by 63%. This reduction was statistically significant for all cases combined and for cancer cases (P < 0.04), but was not significant for benign cases alone. The residents had more frequent substantial disagreements in their lesion management recommendations. Their pairwise frequency of substantial disagreement was 19% and their per-patient frequency was 51%. Use of the computer aid reduced these frequencies by 28%. This reduction was statistically significant only for all cases combined (P < 0.04) and was not significant for the cancer cases or benign cases separately.
In these calculations, the pairwise frequencies are smaller because they represent fractions of 4,680 pairs of recommendations made by two radiologists for the same lesion. In contrast, the per-patient frequencies are larger because they represent fractions of 104 lesions each interpreted by 10 radiologists. A more clinically relevant frequency that corresponds to two radiologists interpreting a patient's mammogram would be between the pairwise and the per-patient frequencies calculated here.
Other CAD Observer Performance Studies
Other mammography observer performance studies have found similar effects of CAD in improving diagnostic performance. Getty et al. performed one of the first of such studies (6). In this study, they developed a checklist that a radiologist would fill out as he or her interprets a mammogram. This checklist was intended to guide the radiologist to analyze the appearance of the lesion in a systematic way. By filling out this checklist, the radiologist would also have Pairwise frequencies were calculated from all pairs of recommendations made by two different radiologists. Per-patient frequencies were calculated from the total number of cases (104) in which the recommendations were made by multiple radiologists (n = 5 for attending radiologists, n = 5 for residents, and n = 10 for all readers). Black bars = unaided reading and white bars = computer-aided reading. (Reprinted with permission from (19).) extracted lesion features from the mammogram. These lesion features were then analyzed and merged into an estimate of the probability of malignancy with an LDA classifier. They evaluated the combination of the checklist and the LDA classifier by comparing the reading performance of 6 general radiologists who read 118 cases of mammograms containing breast lesions with and without the aid of the checklist and the LDA classifier (58 lesions were malignant). Both breast masses and clustered microcalcifications were included in the study. The average A z value of the 6 general radiologists reading the mammograms without the aid of the checklist and the LDA classifier was 0.83. Their average A z value increased to 0.88 when their mammogram reading was enhanced by the checklist and the LDA classifier. This improvement in diagnostic performance was statistically significant. In addition, they also measured the diagnostic performance of 5 mammography specialists reading the same mammograms without the CAD enhancement. The specialists achieved an average A z value of 0.88. Therefore, they concluded that the computer aid helped general radiologists to perform at the level of mammography specialists. The disadvantage of this approach, however, is that it requires the radiologist to rate the lesion features interactively as input to the computer classifier.
Chan et al. developed a computer technique that classifies breast masses as malignant or benign and evaluated this technique in an observer performance study (7) . They used a computer to extract texture-related image features of breast masses and an LDA classifier to calculate a relative malignancy rating of the lesion. Their observer performance study compared the ROC curves of 6 radiologists approved by the Mammography Quality Standard Act who reviewed 238 single-view mammograms with and without their computer aid. They found that use of the computer aid improved the radiologists' diagnostic performance. Their average A z value increased from 0.87 to 0.91 in the single-view interpretation of the mammograms, and from 0.92 to 0.96 in the interpretation of two-view mammograms. These improvements were statistically significant. Huo et al. evaluated in an observer performance study a different computer technique that classifies breast masses as malignant or benign (22). Their computer technique employed computer-extracted image features of lesion morphology and an artificial neural network. They compared in the observer study the performance of 12 radiologists with and without the computer aid and found significant improvement in performance when the computer aid was used (the average A z increased from 0.93 to 0.96).
Discussion
Results of these observer performance studies show clearly and consistently that radiologists can improve their diagnosis of malignant and benign breast lesions by using comput-er-aided diagnosis. By considering the computer-estimated likelihood of malignancy of the breast lesion, in a way similar to consulting a fellow radiologist for a second opinion, the radiologist can potentially recommend more malignant lesions to biopsy while recommending fewer benign lesions to biopsy. The radiologist will operate on a higher ROC curve, and achieve greater diagnostic accuracy. In addition to this improvement in diagnostic performance, the radiologist will potentially be more consistent in his or her diagnostic performance, with himself or herself over time, and with the performance of other fellow radiologists. The reduction of variability in radiologists' interpretation of mammograms will be an important added benefit to the improvement of the ROC curves. Both of these improvements can be achieved without having the patient going through an additional examination of another imaging modality and without additional radiation exposure to the patient; these improvements can be achieved from a better use of the information already recorded in a mammogram.
We have focused our discussion of CAD in this report on the diagnosis of malignant and benign breast lesions. The clinical potential of CAD in mammography is not limited to this particular application. CAD methods have been developed to help radiologists detect subtle and early stage breast cancers. Observer performance studies similar to those described in this report have been conducted and have demonstrated that these methods can help radiologists avoid missing subtle breast lesions (23, 24). Some of these methods are now available commercially and are being evaluated in clinical use (25). In addition, methods of computer analysis of mammographic breast density are being developed for analysis of the risk of developing breast cancer (26, 27). These methods promise to identify women at higher risk for developing breast cancer so that early cancer detection may be achieved through better surveillance.
While much research has been done, CAD is still a relatively new concept clinically and it has just begun to enter clinical mammography practice. Over time, one expects to witness the gains in diagnostic accuracy as indicated by the laboratory observer performance studies. The continuous improvement of current CAD techniques and the development of new computer techniques that target other aspects of breast imaging should also increase this gain in diagnostic accuracy over time. CAD could prove to be a powerful and indispensable tool for breast imaging where radiologists face high volume and extremely low cancer prevalence in a screening population that requires their constant vigilance, the challenge of detecting small and curable cancers and the challenge of distinguishing between malignant and benign lesions, and the need to merge information from mammogram, ultrasound, magnetic resonance imaging, nuclear medicine imaging, and patient clinical history.
